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When light is obliquely reflected from an optically isotropic surface S, its two component waves that are linearly polarized with their electric fields vibrating parallel (p) and perpendicular (s) to the plane of incidence experience different phase shifts, Qp and 6,, respectively. The difference between these phase shifts, A = 6p-is generally neither 0 nor -a for angles of incidence 0 < 4 < 90°, so that incident linearly polarized light of arbitrary azimuth becomes elliptically polarized upon reflection. Consequently, light cannot be extinguished or nulled when the reflector S is placed between a linear polarizer P and analyzer A, Fig. 1 , unless the transmission axes of the polarizer and analyzer are oriented one parallel and the other perpendicular to the plane of incidence. To obtain nontrivial nulls by P and A, a compensator C needs to be inserted either before or after S, to eliminate (compensate) the reflection phase difference A. This is the basis of two commonly used (PCSA and PSCA) null-ellipsometer arrangements.' It is obvious that if A = 0 or 7r at oblique incidence, no compensator would be needed and PSA null ellipsometry (PSA-NE) can be used. The condition A =0 or 7r is satisfied by a film-free homogeneous dielectric substrate, at all angles of incidence. In the presence of absorption or overlay films, this is no longer true. To be able to do null ellipsometry without a compensator on surfaces with A i0 or r, O' Bryan developed an ingenious method. O'Bryan exploited the fact that A can be made equal to ir/2 by adjusting the angle of incidence so that it equals the principal angle, and folded the reflected beam back on itself by a perpendicular mirror so that two reflections gave A = wr. By control of the azimuth of one polarizer and the angle of incidence, the retroreflected beam could be extinguished. First described in 1936, this elegant ellipsometer, which employs only one polarizing optical component, had apparently been forgotten and has recently been rediscovered. 3 In this paper, we show that single-pass PSA-NE can be used to characterize film-substrate systems, provided that the film thickness lies within certain permissible-thickness bands (PTB). This possibility has been recently discovered"; here we elaborate on it. For the purpose of illustration, we take the SiO 2 -Si system at A = 6328 A as an example in some parts of the subsequent analysis. However, the discussion is valid for any transparent film on an absorbing substrate at any wavelength. Also, our results can be generalized to apply to absorbing films, but this will not be dealt with here.
I. BEHAVIOR OF THE ELLIPSOMETRIC ANGLE A AS A FUNCTION OF THE ANGLE OF INCIDENCE ¢ FOR A FILM-SUBSTRATE SYSTEM
For a bare substrate (Si) the reflection phase difference A is a monotonically decreasing function of the angle of incidence 4, falling from 7r at 4, =0 (normal incidence) to 0 at 4, =900 (grazing incidence), Fig In the nulling mode, one of the azimuths P or A is fixed and the other, together with the angle of incidence @, are adjusted to extinguish the light transmitted by the PSA optical train. In the following section, we arrive at the very interesting conclusion that the A-vs-45 curve is oscillatory and has intersections with the A = wr or 27w (0) lines when the film thickness d lies within any one of a set of PTB 5 :
where di, and di. represent the lower and upper limits of the ith band, respectively. Furthermore, we find that the upper thickness limit of the last (upper-most) thickness band, dL,, is infinity (dL. = c) so that the top band is actually a continuum. A film-thickness value in the finite bands,
and in the infinite continuum band, d>dLI (2) leads to an oscillatory A-vs-'P curve with one or more intersections with the A = wr or A = 0 (27w) lines at oblique angles of incidence Pk ((k=1, 2, * .. ), 0°<(k<90°. In these thickness ranges [Eqs.
(1) and (2)], the film-substrate system can be characterized by PSA-NE, without a compensator.
When the film thickness corresponds to a band edge, a monotonic A-vs-4, curve with zero initial slope at ' =0, a4i/a'P =0, is obtained. This situation is represented in Fig. 2 -right (d=d 21 = 2167 A).
IT. PWB FOR PSA-NE ON A FILM-SUBSTRATE SYSTEM
Now that we have stated the basic fact that governs the use of PSA-NE for a film-substrate system, namely the existence of PTB for which such operation is possible, we explain in this section how this result came about, and we determine the PTB for the SiO 2 -Si system at A=6328 A.
Origin of the PIB
The quantity measured by an ellipsometer is the ratio If we now allow ' to scan its range from 0 to 9Q', the point H moves along the negative real axis of the complex p plane from N (p = -1, normal incidence, ' =0) to the point at infinity S (p=wco, s suppression, 7 ='P) and back along the positive real axis to G (p = + 1, grazing incidence, 'p = 90°). The corresponding (image) point ('P, dH) in the Ad plane generates a curve of monotonically increasing thickness between ' =0 and ' =90° ( Fig. 3-right) . Meanwhile, the point L moves along the segment of the real axis between N and G that passes through P (p =0, p suppression, 7 'P='Pj, Fig O<d,<dL <Do -AZZAM, ZAGHLOUL, AND BASHARA ' =0 and =90O. If we write p=tan4,eJ,
then for H,
and for L,
and 4=450 at the limiting points N and G. Consequently, the curves dH and dL in the reduced-thickness zone Let dHo and dHgo be the lower and upper thickness limits of the HPB, dH, at 4 =0 and 900, respectively; and let dLo and dLgo be the corresponding thickness limits for the LPB, dL. Although the thickness gap, Ado =dL-dHI (9) between the LPB and HPB is always positive for all angles of incidence, i. e.,
two cases, Fig. 4 , can be distinguished: Fig. 4 -left, the two thickness ranges dHo I dH I dHgo, dLo-dL-dL90 , (12) are nonoverlapping, and the two branches dH and dL define two separate PTB, to be called the two base bands [because these bands exist in the RTZ, Eqs. (8)]. These represent the first two bands (1 and 2) in the band structure referred to in Sec. I. In terms of the general notation of Sec. I, we have
In case 2, Fig. 4 -right, the two thickness ranges of Eqs. (12) are overlapping and merge into one base band whose lower and upper limits are given by Whether case 1 or case 2 is applicable depends on the particular film-substrate system and wavelength under consideration.
Once the base bands have been established, it is an easy matter to compute the band structure of all PTB for PSA-NE on a given film -substrate system at a given wavelength. Because the ellipsometric function p is periodic in the film thickness d, the base bands can be translated vertically upwards along the thickness axis 
Similarly, the thickness limits of a band obtained from translating base band 2 (if present) by n thickness periods are
The translated bands, Eqs. (14), do not necessarily constitute separate bands by themselves because their thickness ranges may overlap. The true structure and thickness limits of the higher bands will depend on this overlapping of the translated bands. Also, because D 90 >Do, it will take only a few translations mm.,. and nm,,,, after which all translated bands will be parts of a continuum higher band. extending to infinity. Because the procedure of synthesizing the band structure from the base bands is simple, we will not attempt to derive general equations that give the thickness limits of the true higher bands.
It is important to realize that the foregoing discussion of the PTB is based on the periodicity of the ellipsometric function p with the film thickness d and on the corollary fact that the CAIC is closed and encloses either p = -1 or p = + 1 on the real axis of the complex p plane. The discussion is applicable to any system that consists of a substrate covered by a transparent film, provided that both the substrate and film are homogeneous and optically isotropic. The medium of incidence is also assumed to be transparent, homogeneous, and optically isotropic.
For a given ambient-film-substrate system at a given wavelength, the HPB and LPB can be exactly calculated by use of the method given in Ref. 4. Specifically, the kdU G
CASE I I
. dLL~I
.. II. Same as in Table I 
In Fig. 8 , the intersection points between the HPB and
In the Appendix, we provide data for the SiO 2 -Si system at selected mercury spectral lines to demonstrate the fact that PSA-NE can be used to determine virtually any film thickness by changing the wavelength of operation to avoid the forbidden gaps.
III. MULTIPLE PSA-NE MEASUREMENTS ON A FILM-SUBSTRATE SYSTEM OF A GIVEN FILM THICKNESS
We have determined in Sec. ff the PTB for PSA-NE on a film-substrate system. The number of PSA-NE measurements and the angles of incidence at which they are realizable depend on the film thickness. In this section, we consider this aspect of the problem. For a given film-substrate system with known film thickness, the angles of incidence for PSA-NE can be FIG. 8 . Construction for the determination of the angles of incidence at which PSA-NE is possible on a film-substrate system with a known film thickness. ample is the determination of the thickness of silicon dioxide and other transparent films involved in the integrated-circuit technology. It is significant to observe that the range of film thickness that permits such wellknown interferometric reflectance methods as the CARIS (constant-angle reflection interference spectroscopy) and VAMFO (variable-angle monochromatic fringe observation)" 1 would also allow PSA-NE. The oscillatory behavior of the A-vs-0 curve, observed when the film thickness exceeds a certain minimum value (about half the wavelength), arises from the same interference effect that leads to oscillatory reflectance curves.
From the given refractive indices of the film and substrate, and the wavelength of measurements, the HPB and LPB are computed (Sec. II). This need be done only once; the results are used whenever any unknown thickness needs to be measured.
The quantities that need to be measured in PSA-NE are the angles of incidence ¢Prl, 0,, .. . at the nulls, and a determination of whether 4 is greater or less than 450 at each null.
This accounts for considerable simplification in the operation of the instrument (see Sec. V). From 0,1, o12, ... and whether * is high (0 >45°) or low (0< 450), the points of intersection R 1 , R 2 , .,, of the RTC for the unknown thickness d with the HPB and LPB are determined (see Fig. 8 ). Let (dri, DOrn) , (dry 2 DOr 2 ) indicate the reduced film thickness (the ordinate of the HPB or LPB) and film-thickness period, respectively, evaluated at the successive nulling angles of incidence 0ri, Or2,j. . Then from the definition of the reduced thickness, we have d=dni +kD 1 i,
In Eqs. (17), k is an integer that is the same for each segment of the saw-tooth RTC, and decreases by 1 at each transition between one segment and the next. The maximum value of k is M, which applies to the first segment of the RTC, see Fig. 8 .
From Eqs. (17), it is clear that only two null measurements at two successive angles of incidence need to be made. Two cases can be distinguished, (a) if the first of the two successive measurements gives a lowpsi value (0< b< 450), the two measurements will have to correspond to intersections of the same segment of the RTC with LPB and HPB; (b) on the other hand, if the first measurement gives a high-psi value (45 0 < p< 900), the two measurements will correspond to intersections of two successive segments of the RTC with the HPB and LPB, respectively.
With k the same for both measurements in case (a), solving two of Eqs. (17) gives (18a) With k different by 1 for the two measurements in case (b), solving two of Eqs. (17) gives
Equations (18) A simpler situation exists when we know an approximate range for the unknown film thickness. In this case, only one PSA null measurement needs to be made. The reduced thickness dr at the nulling angle of incidence is simply increased by the multiple of the film-thickness period Do (evaluated at that angle) that brings the thickness within the given range. This yields the film thickness required. By requiring only one PSA null measurement, the range of applicability of this method of thickness measurements includes the entirety of the PTB.
When the film is thick enough to make possible multiple PSA null measurements at several angles of incidence, an accurate value for the film thickness can be The arrangement of the optical components of the PSA ellipsometer is rather simple (Fig. 1) . The method of obtaining the null is to set either the polarizer P or the analyzer A at a fixed azimuth from the plane of incidence (other than 0 or 7T/2) and to adjust the azimuth of the other element, together with the angle of incidence q5 until the light transmitted by the PSA sequence of elements is extinguished. For ease of operation, the sample table should be geared to rotate at half the rate of rotation of the analyzer telescope, to keep the reflected beam along the analyzer-telescope axis. If P and A are the nulling polarizer and analyzer azimuths, tans = T tanP tanA,
where the -and + signs correspond to A = 0 and A = iT, respectively. If the polarizer azimuth is P = 450, Eq. 
(21) Figure 9 shows a schematic of these low-psi and highpsi quadrants for the analyzer transmission axis. We have seen in Sec. IV that, when the film thickness is to be determined, we need only to know whether p< 450 or 0P>45 0 , i.e., the quadrant in which the analyzer is located at null, without requiring the actual value of P.
Therefore, the only data are the angle of incidence j and this quadrant information on the analyzer position at null.
The operation of the PSA-NE can be readily automated by providing motor drives for the angle-of-incidence goniometer and for the analyzer (or polarizer). For film-thickness measurements (Sec. IV), we need only quadrant readout for the analyzer position, so that the angles of incidence at the successive nulls represent the primary information in this case. The procedure would be to scan the angle of incidence 0 over as large a segment of the total range 0c p < 900 as possible, and to hunt for all of the nulls in that range.
The PSA ellipsometer can also be operated in the rotating-analyzer mode. 12-183 In this case, the analyzer is rotated synchronously and the angle of incidence is scanned to determine the angles at which the reflected light is linearly polarized, as evidenced by maximum (unity) modulation of the detector current. Automation in this mode is much simpler than in the nulling mode, because the rotating-analyzer mode involves a single direct scan of the angle of incidence, whereas an interactive succession of alternating small steps of both the angle of incidence and analyzer azimuth are needed for null convergence. PSA-NE was used to determine the film thickness of silicon dioxide films on silicon wafer of the type used in integrated-circuit technology. An ordinary ellipsometer was employed, by simply removing the compensator. The procedure was to set the polarizer at a fixed azimuth and to adjust the angle of incidence t> and analyzer azimuth A for null. The nulls thus obtained were very well 
APPENDIX
In measuring the film thickness of a film-substrate system by PSA-NE, the forbidden gaps may be a problem. We can overcome this by changing the wavelength. In general, we shift the forbidden-gap position on the film-thickness scale by changing the wavelength. 
